The top and bottom 5% quantiles in each distribution were used to select genes with 1 0 7
significant feature values. These extreme values were homogenously distributed across the 1 0 8 dataset (Fig. 1A , cyan dots), thus indicating that the regression did not introduce noticeable bias.
0 9
The number of genes in each group with higher or lower S or E values denoting S high /S low and 1 1 0 E high /E low phenotypes was 153 and the number of genes with a G spec phenotype was 384. Some 1 1 1 co-localization of genes in KEIO plates was observed: genes with a S high phenotype were 1 1 2 concentrated in the range between plate #17 and #43 (Sup. Fig. 7) , several E high genes were found 1 1 3 in plates #33, #37 and #39, and E low genes were found in plate #45 (Sup. Fig. 8 ). In addition, 1 1 4
several genes with the G spec phenotype were found in plates #61 and #89 (Sup. Fig. 9 ). There did 1 1 5 not appear to be a clear link between the co-localization of genes in a certain plate and significant 1 1 6 shifts in multiple features. For instance, although a number of genes with the E high -S high 1 1 7 phenotype were found in the same #37 and #39 plates (Sup. Fig. 7-8 ), other plates, such as plate 1 1 8 #33, contained a number of genes with E high but insignificant S or G phenotypes. In general, a large number of genes had a significant value only in one feature. A S high 1 2 1 phenotype combined with an E high/low shift was found only in ~7-8% of the genes, while a S low 1 2 2 phenotype shared ~13% of the genes with the E low phenotype and a higher (~20%) fraction with 1 2 3 the E high phenotype (p < 10 -4 , Fig. 1B ). E and G spec phenotypes also shared 14-19% of genes.
2 4
Notably, 33% (53/159) of genes with a S low shift also had a G spec phenotype compared with only 1 2 5
7.5% of those with a S high phenotype. This result may indicate that a decrease in cell size may 1 2 6 disrupt the balance in the expression of two synthetic genes more significantly than an increase in 1 2 7
cell size (Fig. 1B) .
2 8
Next, the presence of functional enrichments in gene groups with specific E or G phenotypes 1 2 9
was assessed. The E low group was enriched in knockouts in Enterobacterial Common Antigen enrichment in nucleotide biosynthesis activity for both purine and pyrimidine nucleotides ( Table   1  3  5 1 -top). In this group, enrichment for homologous recombination functions, including the key 1 3 6
genes ruvA, priC and holD, were also found. Purine nucleotide biosynthesis was also enriched 1 3 7
among genes with E high -G spec phenotypes (p < 0.5) ( 
5 8
In general, the majority of genes (344 or 82%) showed a single-feature phenotype rather than 1 5 9 significant changes in both features. Because there is a degree of co-localization of knockouts of 1 6 0 genes with similar functions within the KEIO collection (see above), the plate aggregation of sets 1 6 1 of genes sharing a specific S-E phenotype was investigated. Generally, strains from the entire 1 6 2 KEIO collection populated each pattern (Sup. Fig. 10A -C and info). However, we found some co-1 6 3 localization of knockouts of genes involved in chemotaxis and flagellum biosynthesis in addition 1 6 4 to a set of 4 protein chaperones (Group 15) on plate #45 (Sup. Fig. 10D ). These genes shared a 1 6 5 E low phenotype together with 7 other chemotactic/motility genes and the proteases ClpP/X, which 1 6 6 resided in different KEIO plates. In conclusion, although we could not completely rule out a 1 6 7 plate-effect for these functions, their influence on the Size-Expression interaction was supported 1 6 8 by a larger number of members from the entire dataset. 1 6 9 1 7 0
The features-matrix was re-arrayed to observe the gradient of the shift with S high and E low 1 7 1 placed at the top, bottom and all other possible combinations in between. This arrangement 1 7 2 displayed a pattern that suggested that most genes were characterized by a similar up/down shift 1 7 3 in the S and E features. Only 30 genes presented a mixed phenotype (for example S down -E high ), 1 7 4 representing a total of only 7.5% of all cases. This result indicated a lack of substantial protein 1 7 5
'concentration' effect, likely a result of the regression against the FSC measure.
7 6
Next, all phenotypes with >20 members were assessed for functional enrichment, while gene 1 7 7
lists were reported for smaller groups. Although a large number of genes presenting only a single-1 7 8 feature phenotype were observed earlier (Fig. 1B) , the effect of disrupting major cell functions 1 7 9 generally affected both S and E phenotypes simultaneously. Only the impairment in amino acid 1 8 0 biosynthesis, and particularly in aromatic amino acids, appeared to specifically lead to a S high 1 8 1 phenotype (Bonferroni corrected p < 10 -1 ) ( Fig. 2 group 1 genes associated with carbohydrate catabolism (sucA, sucC) and a critical regulator of stationary 1 9 5 phase onset (dksA). The lack of several cellular chaperones (Gene Ontology class GO:0006457,
9 6
Bonferroni corrected p < 10 -1 ) presented an exclusive E low phenotype, thus indicating that a lack 1 9 7 of cellular protein folding functions negatively affected heterologous gene expression (Fig. 2 1 9 8 group 14, discussed below). Notably, these knockouts did not present a G spec effect; therefore, the 1 9 9
effect on gene expression appeared to be global and did not affect individual genes differentially. 
0 7
A disruption of ECA synthesis also showed an E low phenotype, but, in contrast to chemotaxis 2 0 8 genes, this effect was combined and resulted in a S high shift (Fig. 2 -Group 16 ). Because generic 2 0 9
cell growth delay appeared to lead to a S high -E high shift (Groups 2-3), the effects of deletions in 2 1 0 ECA structural components were likely to have occurred through a different mechanism 2 1 1
(discussed below) that led to defined and unique changes in the S-E features. features. In this interaction, both features largely changed correspondingly (Fig 3, color gradient) .
1 6
Several KEIO knockouts with a S high -E high phenotype carried a disruption in key bacterial 2 1 7 growth functions, including cell division, protein folding and DNA replication ( 
1
Bacterial DNA replication relies on a complex series of enzymatic and regulatory mechanisms. A 2 2 2 significant number of KEIO strains of genes associated with the E. coli GO class 'DNA-2 2 3 dependent DNA replication' (GO:0006261) were found to be associated with a S high -E high 2 2 4 phenotype (p < 10 -4 , 5 of 9 Sup. Fig. 12 (Fig. 2 Groups 8-9 ). However, a lack of other members associated with this 2 3 3 DNA repair function did not result in a univocal S-E phenotype (p = 0.17, Sup. Fig. 13 ). Other 2 3 4 knockouts with a S low -E high pattern did not have ribosome structural components (rpsT, rpsU, 2 3 5 dbpA) or important steps of RNA translation (prfC, efp) (Fig 3 -mid right) . Twelve knockouts in 2 3 6 ribosome structural genes were present in the dataset and, significantly, 5 of them -rpsU, rpsT, 2 3 7 rpmJ, rpmE, rplA -showed a S low -E high phenotype (p = 0.02, Sup. Info. The second important aspect of the Size-Expression interaction was that most cell functions 2 4 5 affected both sides. Indeed, only a limited set of related KEIO gene knockouts showed an 2 4 6 exclusive S or E phenotype. For example, a number of structural flagellar components and 2 4 7 various cellular chaperone proteins showed a predominantly E low phenotype (Fig 3 -cyan) . An Antigen Biosynthetic Process' in the dataset further supported the phenotype for this group of 2 5 5 genes (GO:0009246) (p < 10 -4 , Sup. Fig. 15 ).
5 6
In contrast, KEIO knockouts probably leading to increased RNA stability, such as those in 2 5 7
ribonuclease II (rnb) and polynucleotide phosphorylase (PNPase), which degrade various types of 2 5 8 mRNA 17 , presented an exclusive E high phenotype (Fig. 3 -dark blue) . Finally, the lack of a 2 5 9 number of amino acid biosynthetic genes, and particularly those for aromatic amino acids, 2 6 0 presented a unique S high phenotype (Fig. 3 top) , which was confirmed after the analysis was 2 6 1 extended to all genes associated with the 'Cellular amino acid biosynthetic process' GO class 2 6 2 (GO:0008652, p = 0.011 calculated by bootstrapping, 86 genes in the dataset) (Fig. 3 -dark The present study describes how specific cellular activities influence the relationship 2 6 6 between a cell's ability to grow and its synthesis of neutral heterologous proteins. We found that 2 6 7 bacterial cell functions could be broadly subdivided into 4 systems of clearly defined phenotypes:
6 8
Membrane system, Ribosome-RNA-Protein stability (RRP) system, the Biosynthetic system and 2 6 9 the Energy-Motility system. Mutations in the Membrane system mainly lead to an increase in cell G spec metF, purE, gmhB, serA, atpB, atpE, atpA, nanK, manX, galM, asnB, coaE, pyrD, fdoI, glnA, hpt, icd, idi, mazG, edd, purD, nadC, astD, miaA, sdaAB, argC, yfbQ, trpE, tyrA, metC, cysK, cysM, lysA, proB, thrB, hisH, sdaAB, metC, cysK, cysM, cysC, cysN, cysJ (Cys and Met. Met.) aroD, gmd, ansB, sdaAB, argC, pntA, nuoN, ugd, acs, add, cysC, dadX, yfbQ, trpE, tyrA, ybcF, metC, cysK, cysM, lysA, gatC, proB, glk, gshB, glgA, thrB, hisH, ybhC, cysG, cysN, cysJ, putA, trpB (Met. Path. 3 .6*10 -1 ) yeiL, basR, dsdC, galR, glcC, mraZ, fnr, nikR, glnB, yfhA, uvrY, slyA 
